Introduction
possessed one or two peroxisomes that were 5-10 times the size of normal oleate-induced peroxisomes (Erdmann and Blobel, 1995; Sakai et al., 1995) . By contrast, overexpression of ScPex11p in wild-type, oleate-grown S. cerevisiae resulted in peroxisomal elongation and subsequent proliferation of normal-sized, rounded peroxisomes that filled much of the cytoplasm . Two other ScPex11p homologs, ScPex25p and ScPex27p, were identified that regulated peroxisomal proliferation Rottensteiner et al., 2003; Tam et al., 2003) . ScPex11p, ScPex25p and ScPex27p are peripheral peroxisomal membrane proteins (PMPs) situated on the cytosolic side of the peroxisomal membrane Smith et al., 2002; Tam et al., 2003) . Overproduction of a single Pex11 isoform in Penicillium chrysogenum resulted in proliferation of elongated/tubulated peroxisomes (Kiel et al., 2004) .
Pex11 family members in mammals (e.g. Homo sapiens, Mus musculus and Rattus norvegicus) are named Pex11␣, -␤ and -␥. Pex11␣ was identified in the liver of rats treated with clofibrate, a xenobiotic that induced peroxisome proliferation , whereas Pex11␤ was found to be constitutively expressed in most tissues . Overexpression of HsPex11␤ (and -␣ to a lesser degree) induced peroxisome proliferation in a multistep process in which peroxisome elongation preceded fission(s) (Schrader et al., 1998) . However, HsPex11␤-knockout mice exhibited embryo lethality, indicating that cell-cycle-dependent peroxisome division was aborted. Whether peroxisome division occurs subsequent to peroxisome elongation, as does peroxisome proliferation, is not well established. Another constitutively expressed mammalian Pex11 homolog (Pex11␥) was identified in the liver of mice and humans (Li et al., 2002; Tanaka et al., 2003) . Overexpression of this peroxin isoform induced slight peroxisome tubulation, enlargement and clustering; however, there was no evidence for an increase in the number of peroxisomes per cell. Mouse and human Pex11 homologs are bitopic integral membrane proteins with both their N-and C-termini exposed to the cytosol Passreiter et al., 1998; Schrader et al., 1998; Li et al., 2002) .
Mammalian and yeast cells lacking the dynamin-like proteins (DLPs) DLP1 or Vsp1p possessed fewer peroxisomes that were enlarged/elongated relative to wild-type cells (Hoepfner et al., 2001; Koch et al., 2003; Li and Gould, 2003) . Overexpression of the same DLPs in wild-type yeast and mammalian cells did not induce changes in peroxisome size and number. Koch et al. (Koch et al., 2004) showed that knockdown of DLP1 resulted in elongated peroxisomes, suggesting that it was necessary for peroxisome fission. Overexpression of Pex11␤ in these cells induced further peroxisome elongation, but did not induce fissions. Furthermore, they determined that peroxisomal constriction (preceding fission) occurred independent of both Pex11␤ and DLP1 expression.
The only plant protein known to participate in the regulation of plant peroxisome proliferation and/or division is the Arabidopsis dynamin-related protein 3A (DRP3A). Mano et al. showed that peroxisomes in cells of transgenic plants lacking DRP3A were elongated, suggesting that normal peroxisome division was impaired (Mano et al., 2004) . In wild-type cells, they found that overexpressed DRP3A localized on the cytosolic surface of the peroxisomal membrane did not induce changes in peroxisomal morphology and/or number per cell.
Inducible changes in plant peroxisomal number and morphology have been documented in plants. Morré et al. and Oksanen et al. demonstrated that Norway spruce, aspen and birch trees exposed to ozone exhibited peroxisome proliferation (doubling in spruce, 26-47% increase in aspen, and 38% increase in birch) (Morré et al., 1990; Oksanen et al., 2003) . Palma et al. reported that treatment of pea plants with clofibrate induced peroxisome proliferation (approximate quadrupling) (Palma et al., 1991) . Pais and Feijó noted that peroxisomes in developing pollen grains of Ophrys lutea increased in size and number per cell, forming an interconnected body of spherical peroxisomes (Pais and Feijó, 1987) . In Lemna minor fronds, Ferreira et al. observed that fission of elongated peroxisomes correlated with exposure to increased light levels (Ferreira et al., 1989) . Collings et al. observed horseshoe-and dumbbell-shaped peroxisomes at the cell plate within the phragmoplast of dividing onion-root meristem cells (Collings et al., 2003) . Kunce et al. documented elongation of glyoxysomes in cotyledons of growing cottonseed seedlings (Kunce et al., 1984) . Significantly, no efforts were made in any of these studies to identify molecular elements or machinery related to these proliferative events. Also noteworthy is the virtual absence of data pertaining to division (duplication) of plant peroxisomes for constitutive cell division.
The intent of this current study was to identify in protein databases potential Arabidopsis Pex11 (AtPex11) homolog(s), identify the subcellular sorting pathway of transiently overexpressed AtPex11 protein(s), and determine whether these overexpressed proteins promoted changes in peroxisome morphology and/or number per cell. Transcripts of the five Arabidopsis PEX11 genes (AtPEX11a, -b, -c, -d and -e) were detected in Arabidopsis plant parts; notably, transcripts of AtPEX11a were detected only in developing siliques (seed pods). All five myc-tagged Pex11 proteins individually sorted directly to the boundary membrane of Arabidopsis suspension cell peroxisomes. Peroxisomes bearing overexpressed individual myc-AtPex11 proteins exhibited isoform-specific peroxisome morphological and/or numerical changes: elongation without subsequent fission (division and/or proliferation) (AtPex11c and -d); elongation prior to duplication (AtPex11a); duplication without prior elongation (AtPex11e); and apparent aggregation without fission or elongation (AtPex11b). These general interpretations are discussed in terms of amino acid similarities and differences between the AtPex11 isoforms, and the presence and functional influence of the C-terminal dilysine motif within AtPex11c, -d and -e.
Results
Identification and sequence comparisons of five Arabidopsis Pex11 proteins BLAST searches (TAIR protein database; http:// www.arabidopsis.org/Blast/) for C. boidinii Pex11p (CbPex11p) homologs revealed the existence of five putative Arabidopsis Pex11 proteins: At1g47750, At3g47430, At1g01820, At2g45740 and At3g61070, corresponding to AtPex11a, -b, -c, -d and -e, respectively. All five exhibited 20-24% amino acid sequence identity with CbPex11p and 18-25% amino acid sequence identity with human HsPex11␣ and -␤. AtPex11a was the only putative peroxin homolog identified in a BLAST search against HsPex11␥; conversely, only AtPex11c, -d and -e were identified in BLAST searches against ScPex11p. No AtPex11 homologs were identified when ScPex25p, ScPex27p or Trypanosoma brucei Pex11p (TbPex11p) were used to search the TAIR protein database.
The amino acid sequence alignment in Fig. 1 shows that AtPex11c, -d and -e are highly similar to each other (75% average identity and 92% average similarity), whereas AtPex11a and -b are less similar to AtPex11c, -d and -e (22% average identity and 44% average similarity). AtPex11a and -b exhibit 31% identity and 51% similarity to each other. The AtPex11 proteins possess at least three (AtPex11a) or four (AtPex11b, -c, -d and -e) predicted transmembrane domains (TMDs) (Fig. 1, solid lines) . PMPs characteristically possess a peroxisomal membrane-targeting signal (mPTS) comprising a TMD near a basic cluster of amino acid residues. Each AtPex11p sequence possesses at least two basic clusters of amino acid residues (Fig. 1, dashed lines ) that might constitute a portion of a mPTS; these putative mPTSs on AtPex11c, -d and -e share high similarity. AtPex11c, -d and -e each possess a C-terminal dilysine motif.
Transcripts for all five AtPEX11 genes exist in Arabidopsis plant parts (organs) and suspension cells Non-quantitative reverse transcriptase (RT)-PCR was employed to determine which, if any, of the putative AtPex11 isoforms were expressed in Arabidopsis developing siliques (seed pods), roots, leaves and/or suspension culture cells. Fig.  2 shows that four of the five AtPEX11 gene transcripts (approximately 700 bp in length) are expressed in roots, leaves and suspension culture cells, but AtPex11a transcripts were not. However, transcripts for all five genes were detected in silique RNA extracts. Because of the high degree of similarity among AtPEX11c, -d and -e, control PCRs were employed in which foreword primers for one AtPEX11 gene (e.g. AtPEX11c) were paired with reverse primers from another AtPEX11 gene (e.g. AtPEX11d). Leaf RNA was used for the control PCRs. No PCR product was produced from any of these control reactions (Fig.  2E , lanes 1-6).
Transiently expressed myc-AtPex11 homologs sort directly from the cytosol to peroxisomes in Arabidopsis and tobacco BY-2 suspension cells Shortly after biolistic bombardments, transformed cells were examined by (immuno)fluorescence microscopy to determine the sorting pathway and subcellular localization(s) of each overexpressed myc-or GFP-tagged AtPex11 protein. The earliest time point that proteins were consistently visualized within transformed cells was 2.5 hours post-bombardment. Panels A, F, K and P in Fig. 3 show in each transformed Arabidopsis (Fig. 3A,F) or BY-2 ( Fig. 3K ,P) cell a punctate fluorescence pattern resulting from dual immunolabeling with anti-myc plus Cy-2-conjugated (anti-myc/Cy-2) antibodies (Fig. 3A,K) and anti-catalase plus RhodamineX-conjugated (anti-catalase/RhodamineX) ( Fig. 3F,P) antibodies. In both cell types, myc-tagged AtPex11a colocalized with endogenous catalase in peroxisomes (arrowheads); by contrast, myc-tagged AtPex11a was not observed in any other organelles (e.g. endoplasmic reticulum; ER) at any time point. The general morphology of the peroxisomes in these transformed cells is the same as the morphology of peroxisomes in neighboring nontransformed cells, i.e. rounded (spherical) or rod-shaped (Fig. 3, arrows) . Comparisons of these panels also illustrate that peroxisomes in Arabidopsis cells are characteristically AtPex11 protein sequences were aligned using the ClustalW algorithm (http://www.ch.embnet.org/software/ClustalW.html). Identical and similar residues were shaded black and gray, respectively, with BOXSHADE (http://www.ch.embnet.org/software/BOX_form.html). Transmembrane domains were predicted using TMpred (http://www.ch.embnet.org/software/TMPRED_form.html), and are overlined in black. Basic clusters of amino acid residues are overlined with dashes. Dilysine motifs are boxed. -b, -c, -d and -e (labeled here 11a-11e) were amplified by PCR using primers complimentary to 5Ј or 3Ј termini. Control reactions (E) were designed using the following noncomplementary primer pairs in a leaf cDNA library: foreword primers for AtPEX11c (lanes 1,2), AtPEX11d (lanes 3,4) and AtPEX11e (lanes 5,6), and reverse primers for AtPEX11d (lanes 1,6), AtPEX11e (lanes 2,4) and AtPEX11c (lanes 3,5). No PCR products were observed for any of these reactions. PCR products, shown here, were separated electrophoretically in a 1% agarose gel containing ethidium bromide. As expected, all PCR products were approximately 700 bp in length.
larger and fewer in number per cell than peroxisomes in BY-2 cells.
Arabidopsis and BY-2 cells overexpressing each of the other four myc-AtPex11 proteins also exhibited colocalizations with endogenous peroxisomal catalase (compare Fig. 3B -E with G-J; and L-O with Q-T). None of these Pex11 proteins was detected in any other organellar compartment. Notably, peroxisomes in approximately 50% of transformed cells possessing mycAtPex11c or myc-AtPex11d at 2.5 hours were distinctly elongated in Arabidopsis (Fig. 3C,D) and BY-2 (Fig. 3M,N) cells. Virtually all of the cells transformed with myc-AtPex11a, -b or -e at 2.5 hours possessed normal peroxisomes that were spherical-to-rod shaped, similar to those in surrounding, nontransformed cells (e.g. Fig. 3G ,P-T). In parallel experiments, GFP-AtPex11a, -c and -d also sorted directly to peroxisomes at early hours (data not shown).
Peroxisomes with overexpressed myc-AtPex11c or -d elongate whereas peroxisomes bearing mycAtPex11b aggregate Our visual observations that Arabidopsis peroxisomes bearing mycAtPex11c or -d were somewhat elongated within about 50% of the transformed cells at 2.5 hours (Fig.  3C,D) prompted further examination of peroxisomes in these and other mycAtPex11-transformed cells at later time points. For a cell-transformation and time-course control, Arabidopsis cells were bombarded with a gene encoding chloramphenicol acetyltransferase (CAT) with an appended C-terminal type 1 peroxisomal matrix-targeting signal (CAT-SKL). Peroxisomes in these transformed cells were used to derive a range of shapes and sizes for non-induced peroxisomes throughout a gene expression period of 72 hours. This was the longest time period that cells could be maintained without adverse effects of contamination, nutrient deprivation, etc. Similar overexpression experiments were carried out with untagged versions of AtPex11a, -d and -e. The same morphological results were observed at 24 and 48 hours postbombardment for each isoform, indicating that the myc epitope tag did not influence peroxisome morphology (Fig. S1 , supplementary material).
Peroxisomes bearing myc-AtPex11a and -e increase in number per cell between 5 and 72 hours Fig. 5A illustrates that myc-AtPex11a-bearing peroxisomes observed at 5 hours post-bombardment are mostly spherical or rod shaped. However, at 24 hours, peroxisomes in about 25% of the transformed cells possess clearly elongated peroxisomes (Fig. 5B ). These observations are consistent with data presented in Fig. 4Q . At 45 hours, a striking difference was observed in virtually all of the transformed cells on the microscope slides; peroxisomes in these cells were mostly spherical and visibly more numerous (compare Fig. 5C to 5A and Fig. 3A ). Similar images of spherical, proliferated peroxisomes were observed in myc-AtPex11a-transformed cells at 72 hours (data not shown).
At 5 and 24 hours, peroxisomes bearing myc-AtPex11e
were rounded/rod shaped (Fig. 5D ,E and Fig. 4Q) and exhibited approximately the same number of peroxisomes per cell as cells expressing CAT-SKL (Fig. 5I,J) . Notably, at 24 hours, the peroxisomes were not elongated. At 45 hours, virtually all transformed cells on the microscope slides possessed visibly proliferated, rounded peroxisomes (compare Fig. 5F to 5D), which is remarkably similar to the mycAtPex11a-proliferated peroxisomes (compare Fig. 5F to 5C). A similar apparent increase in the number of rounded peroxisomes was evident when cells were transformed with a GFP-AtPex11e construct (Fig. 5G,H) . At 24 hours, the autofluorescent rounded/rod-shaped peroxisomes bearing this chimeric protein apparently were less numerous than they were at 72 hours (compare Fig. 5G to 5H) . Fig. 5I ,J illustrates that peroxisomes bearing CAT-SKL (Fig. 5I ) and endogenous catalase (Fig. 5J ) are colocalized and are rounded/rod shaped at 45 hours, like those bearing myc-or GFP-AtPex11e at 24 hours (Fig. 5E,G) . The number of peroxisomes in the CAT-SKL-transformed cell is visibly less than the number of peroxisomes in the cells transformed with myc-or GFPAtPex11e (45 and 72 hours; Fig. 5F ,H) or myc-AtPex11a (24 and 45 hours; Fig. 5B ,C). These microscopic observations prompted numerical analyses of the perceived peroxisomal multiplications observed in AtPex11-transformed cells (Table 1) . Cells transiently transformed with the CAT-SKL construct were used to establish baseline values for peroxisome number in transformed cells at 24, 45 and 72 hours post-bombardment. The number of CAT-SKL-bearing peroxisomes remained virtually constant (8-9 peroxisomes per 100 m 2 ) at the three time points (Table 1) . At 24 hours, the number of peroxisomes bearing myc-AtPex11e conformed to the baseline value, whereas the number of those bearing mycAtPex11a was approximately double the baseline value (17 peroxisomes per 100 m 2 ). At 45 hours, the number of peroxisomes possessing either myc-AtPex11e or mycAtPex11a was approximately doubled (17-19 peroxisomes per m 2 ). The number of mycAtPex11e-bearing peroxisomes did not change during the next 27 hours of expression (72 hours post-bombardment). An Independent Samples T Test confirmed that there was a significant Journal of Cell Science 119 (9) To validate the statistically significant doubling of mycAtPex11e-bearing peroxisomes at 72 hours, cells were transformed with GFP-AtPex11e. Table 1 shows that the number of GFP-AtPex11e-bearing peroxisomes was approximately double the baseline value.
Influence of the C-terminal dilysine motifs in mycAtPex11d and myc-AtPex11e on peroxisomal elongation and duplication To determine whether the C-terminal dilysine motif was necessary for myc-AtPex11-induced peroxisomal elongation and/or duplication, myc-AtPex11d⌬6 and myc-AtPex11e⌬7 constructs that lacked their dilysine motifs were produced. At 5, 24 and 72 hours, peroxisomes bearing myc-AtPex11d⌬6 were elongated (Fig. 6A-C) , as were peroxisomes bearing the wild-type protein (Fig. 4E,H) . Conversely, peroxisomes bearing myc-AtPex11e⌬7 exhibited a time-dependent change in morphology not observed for peroxisomes bearing mycAtPex11e. At 5 hours, peroxisomes bearing myc-AtPex11e⌬7 were rounded/rod shaped (Fig. 6D ) similar to peroxisomes bearing the wild-type protein (Fig. 5D) . At 24 hours, peroxisomes bearing myc-AtPex11e⌬7 were elongated, unlike the rounded peroxisomes bearing the wild-type protein construct (compare Fig. 6E to Fig. 5E and Fig. 4Q ). At 72 hours, myc-AtPex11e⌬7-bearing peroxisomes were no longer elongated, but were rounded and visibly increased in number per cell (Fig. 6F ) similar to AtPex11e-bearing peroxisomes at 45 or 72 hours (Fig. 5F ). Hence, unlike peroxisomes in cells transformed with myc-AtPex11e, those in cells transformed with myc-AtPex11e⌬7 elongated prior to duplication (compare Fig. 5D -F with Fig. 6D-F) .
Topological orientation of peroxisomal myc-AtPex11 proteins in vivo
To determine the topological orientation of peroxisomal mycAtPex11 proteins in vivo, digitonin was applied to permeabilize plasma, but not peroxisomal, membranes of cells transformed with genes encoding C-or N-terminal myc-tagged AtPex11a, -b, -c, -d or -e. Fig. 7A ,C-J shows fluorescence from peroxisomes in individual myc-labeled cells transformed with each of the genes. Notably, no fluorescence was observed in cells transformed with AtPex11a-myc (Fig. 7B) . As expected, variations in peroxisome morphology and number were apparent among the different transformed cells; hence, appendage of the myc epitope to the N-or C-terminus did not produce variant peroxisomal morphology. The myc-AtPex3 protein was expressed in Arabidopsis cells as a control to verify that a Nterminal myc epitope tag facing the peroxisomal matrix was inaccessible to anti-myc/Cy-2 antibodies in digitonin-treated cells; this orientation for myc-AtPex3p was shown previously in BY-2 cells (Hunt and Trelease, 2004) . Fig. 7U ,V shows that transformed cells Peroxisomal acquisition of overexpressed AtPex11a or AtPex11e induces a doubling (twofold increase) in the number of peroxisomes in Arabidopsis cells. For each gene construct, peroxisomes in 30 transformed cells were examined by laser-scanning confocal microscopy (4-8 optical sections per cell, 2 m between each section) and the number of peroxisomes in optical sections of each transformed cell was enumerated using MetaMorph v6.1. The CAT-SKL construct was a non-induction transformation control for the autofluorescent GFP-and myc-tagged PEX11 constructs.
*Values are mean ± s.e.m.
Fig. 6. Deletion of the C-terminal dilysine motif in AtPex11d
and -e (mycAtPex11d⌬6 or -e⌬7, respectively) variously affected changes in Arabidopsis peroxisome morphology and duplication. Cells transformed with myc-AtPex11d⌬6 (A-C) or myc-AtPex11e⌬7 (D-F) were fixed at three time points (top labels) and immunolabeled with anti-myc plus Cy-2-conjugated antibodies(dual label with anti-catalase not shown). Bar, 10 m.
permeabilized with digitonin and dual immunolabeled with anti-myc/Cy-2 and anti-catalase/Rhodamine antibodies exhibit no (peroxisomal) fluorescence. Confirmation of myc-AtPex3p expression in transformed cells is shown in Fig. 7W ,X where anti-myc/Cy-2-and anti-catalase/Rhodamine-labeled peroxisomes are visualized in samples from the same batch of cells permeabilized with Triton X-100. As another positive control for digitonin permeabilization, cells from the same myc-AtPex3p transformation experiment were incubated in digitonin and dual immunolabeled with anti-tubulin plus Cy-2-conjugated (endogenous microtubules) and anticatalase/Rhodamine antibodies. Immunofluorescence images of cortical microtubules in the cytoplasm (Fig. 7Y ), but not of peroxisomal matrix catalase (Fig. 7Z) confirmed that incubation in digitonin permeabilized plasma and not peroxisomal membranes.
Discussion
The presence of AtPEX11b, -c, -d and -e gene transcripts in all Arabidopsis parts examined suggests that these four AtPex11 gene products participate constitutively in peroxisomal biogenesis throughout the plant body. This premise, of course, is conditional upon whether AtPex11 proteins are expressed constitutively in these cells. This information was not acquired because of our lack of specific antibodies raised against each of the isoforms. The presence of AtPEX11a gene transcripts only in developing siliques suggests that AtPEX11a expression is involved in seed development.
Multiple TMDs are predicted to occur in each of the AtPex11 isoforms (Fig. 1) , similar to their mammalian and yeast homologs that are integrally and peripherally associated PMPs, respectively Passreiter et al., 1998; Schrader et al., 1998; Li et al., 2002; Smith et al., 2002;  Journal of Cell Science 119 (9) Tam et al., 2003) . Not surprisingly, our findings from differential permeabilization experiments showed that the Nand C-termini of myc-tagged AtPex11b, -c, -d and -e faced the cytosol (Fig. 7) , indicating that these four proteins were associated with the peroxisomal boundary membrane where they promoted varied changes in peroxisome morphology. The membrane topology of AtPex11a is unique among Pex11 isoforms in all organisms, i.e. the N-and C-termini are situated on opposite faces of the Arabidopsis peroxisomal membrane, indicative of an integral membrane association. The significance of this topological difference is unknown.
Intracellular trafficking of AtPex11 isoforms
PMPs are divided into two groups based on their posttranslational sorting pathway (Titorenko and Rachubinski, 2001; Trelease, 2002) . Group I PMPs sort indirectly through the ER from their site of synthesis in the cytosol to forming or pre-existing peroxisomes, whereas group II PMPs sort directly to peroxisomes. Both groups of PMPs have been identified and characterized in plant cells (Trelease and Lingard, 2006) . Although immunofluorescence signals from some of the myctagged AtPex11 isoforms were observed in the cytosol of some cells at early time points, there was no evidence for localization in any ER-like organelle before their appearance in pre-existing peroxisomes (Fig. 3) . Therefore, we conclude that all five mycAtPex11 isoforms are group II PMPs. We are unaware of any group I Pex11 homolog in other organisms.
Peroxisome multiplication
In mammalian cells, a generalized sequential process for Pex11-induced peroxisome proliferation entails: (1) Pex11p insertion into the peroxisome membrane, (2) peroxisome elongation, (3) Pex11p segregation from other PMPs, and (4) peroxisome segmentation and fission into numerous new peroxisomes (Schrader et al., 1998; Koch et al., 2004) . Evidence for a similar process [e.g. elongation preceding fission(s)], was also found in S. cerevisiae and P. chrysogenum Kiel et al., 2004) . Marshall et al. observed elongated clusters of budding (dividing) peroxisomes in cells overexpressing ScPex11p . Hoepfner et al. reported that peroxisomes in cells lacking the dynamin-like protein ScVps1p elongated without fission(s), resulting in cells with a single elongated peroxisome (Hoepfner et al., 2001 ). Other studies, however, suggest that peroxisome proliferation in S. cerevisiae does not adhere to this generalized process. For example, overexpression of ScPex11p, -25p, or -27p resulted in proliferation of numerous peroxisomes without notable elongation (Rottensteiner et al., 2003; Vizeacoumar et al., 2003; Vizeacoumar et al., 2004) . Hence, fission(s) of elongated peroxisomes is not yet firmly established as a generalized process for multiplication of preexisting peroxisomes.
AtPex11e-induced peroxisome duplication seemingly does not adhere to the generalized mammalian process. Specifically, fewer than 10% of cells transformed with myc-AtPex11e were observed to possess elongated peroxisomes at multiple time points through 72 hours (Fig. 4Q) , indicating that mycAtPex11e did not induce peroxisome elongation. However, if one considers the combined presence of transcripts for AtPex11c, -d and -e in wild-type Arabidopsis suspension cells (Fig. 2) , then an alternative interpretation for the role of AtPex11e in peroxisome division emerges. Prior to, or during, cell-cycle-dependent cell division, spherical peroxisomes (1 m diameter) might elongate into rod-shaped structures (3 m in length) in response to AtPex11c and/or AtPex11d, and then divide into spherical peroxisomes in response to AtPex11e. These daughter peroxisomes would then segregate into daughter cells.
The identification of elongated peroxisomes in cells overexpressing AtPex11a further implicates elongation in the duplication process of Arabidopsis peroxisomes. Up to 36% of cells bearing myc-AtPex11a possessed elongated peroxisomes through 36 hours post-bombardment. It may be that, as for AtPex11c and AtPex11d, this peroxin induces peroxisome elongation (nearly) simultaneously with peroxisome duplication. If fission occurs more rapidly than elongation, then no elongated peroxisomes would be present, as was observed in AtPex11e-transformed cells. If, by contrast, peroxisome elongation outpaces fission, then at least some elongated peroxisomes would be in evidence, but not to the same degree as observed in cells transformed with AtPex11c and AtPex11d. These considerations offer a plausible explanation for the lower percentage of elongated peroxisomes in AtPex11a-transformed cells compared with the substantially higher percentage in AtPex11c-or AtPex11d-transformed cells.
Peroxisome proliferation versus division
Definitive evidence for Pex11 involvement in cell-cycleregulated peroxisome division within actively dividing cells is limited in all organisms. In an early study, HsPex11␤ was implicated in the constitutive control of peroxisomal abundance owing to its uniform expression in various rat tissues and unchanged mRNA levels in tissues treated with peroxisome proliferating agents (Schrader et al., 1998) . In another study, Pex11␤-knockout mice exhibited neonatal lethality (Li et al., 2002) . Their cells possessed peroxisomes that were slightly elongated and less numerous per cell, further implying that Pex11␤ was necessary for normal peroxisome division.
In this study, separate overexpression of two AtPex11 isoforms (AtPex11a and AtPex11e) promoted an approximate doubling in number of pre-existing peroxisomes. Of the two isoforms, transcripts for only AtPex11e were expressed in multiple plant parts, implying that it promotes peroxisome division in constitutively dividing plant cells. That overexpression of AtPex11a and AtPex11e uniquely promotes duplication of peroxisomes, rather than proliferation as observed upon overexpression of mammalian Pex11 isoforms, is also suggestive of a role for these plant peroxins in cellcycle-associated division of pre-existing peroxisomes. As noted, however, the evidence at this time is indirect.
Peroxisome elongation
AtPex11c and AtPex11d uniquely promote peroxisome elongation without associated division and proliferation; no other Pex11 homolog in any organism has been shown to promote only peroxisome elongation. In plant cells, there are numerous examples of terminal peroxisome elongation at different stages of growth and development. Specifically, peroxisomes in cotyledon cells of germinated oilseed seedlings, greening leaves and developing root nodules all undergo dramatic increases in spherical or cylindrical volume, but do not increase in number (Gruber et al., 1973; Wanner and Theimer, 1978; Kunce et al., 1984; Newcomb et al., 1985) . Exposure of Arabidopsis suspension cells to ultraviolet (UV) irradiation induces extensive peroxisomal elongation without subsequent multiplication (proliferation) (our unpublished observations). In HepG2 mammalian cells exposed to UV irradiation and H 2 O 2 , similar peroxisomal elongation/tubulation occurs without subsequent division or proliferation (Schrader et al., 1999) . It might be that the results that we observed with overexpression of AtPex11c and/or AtPex11d reflected this prevalent peroxisome morphology established in plants for accomplishing dynamic metabolic fluctuations.
Within this context, induced peroxisome proliferation in some instances might be manifested as a peroxisome elongation/tubulation phenomenon without an increase in peroxisome number. Two examples are the following. In Arabidopsis cells, the active sites for ascorbate peroxidase and monodehydroascorbate peroxidase, two members of a peroxisome antioxidant system, are located on opposite sides of the peroxisome membrane (Lisenbee et al., 2005) . This topological orientation requires that reactive oxygen substrates (H 2 O 2 or ascorbate free radical) diffuse across the peroxisome membrane to interact with either enzyme. Thus, elongated peroxisomes with their increased membrane-to-matrix surface area ratio would enhance accessibility of these substrates to the enzymes. In P. chrysogenum, overexpression of PcPex11p, which produces elongated clusters of peroxisomes, enhances penicillin production twofold without a commensurate change in enzyme levels in the penicillin biosynthetic pathway (Kiel et al., 2004) . They attributed this to the increased surface-tovolume ratio of the organelles.
Peroxisome aggregation
Remarkably consistent peroxisome morphology was observed in cells transformed with AtPex11b (Fig. 4) . The rounded peroxisomal images were interpreted to be aggregates of peroxisomes bearing AtPex11b. Similar homotypic peroxisome aggregates were observed in cells overexpressing a fusion protein of ascorbate peroxidase and GFP (Lisenbee et al., 2003b) . It was shown that aggregation resulted from homodimerization of the GFP moiety protruding from the boundary membranes of neighboring peroxisomes. Peroxisomes in cells transformed with a monomeric GFP variant did not form aggregates. Interestingly, homo-and hetero-oligomerization of Pex11 isoforms have been described in yeasts and trypanosomes (Maier et al., 2001; Rottensteiner et al., 2003; Tam et al., 2003) . It seems reasonable to speculate that the apparent aggregates observed in AtPex11b-transformed cells resulted from homo-oligomerization of AtPex11b protruding from the Arabidopsis peroxisomal boundary membrane. Clusters or aggregates of rounded and/or elongated peroxisomes bearing Pex11 isoforms have also been observed in yeasts, trypanosomes and mammals (e.g. Marshall et al., 1995; Lorenz et al., 1998; Li et al., 2002) . AtPex11c, d and -e, like Hs-and RnPex11␣ and TbPex11p (Passreiter et al., 1998; Maier et al., 2000) , possess C-terminal dilysine motifs (-KxKxx-COOH or KKxx-COOH), whereas Arabidopsis Pex11a and -b, like mammalian Pex11␤ and -␥, do not. Observations that peroxisomes bearing myc-AtPex11d and myc-AtPex11d⌬6 are elongated suggest that the motif is not necessary for peroxisomal elongation. The dilysine motifs in rat and trypanosomal, but not human, Pex11 homologs bind coatomer (COPI) subunits (Passreiter et al., 1998; Maier et al., 2000) , though the functional significance of COPI binding by Pex11 homologs is unclear. Furthermore, Maier et al. reported that Pex11 proteins with mutated dilysine motifs could induce peroxisomal proliferation, similar to our results that show duplicated peroxisomes bearing myc-AtPex11e⌬7 (Maier et al., 2000) . In summary, the dilysine motif in Pex11 does not seem to be necessary for elongation in myc-AtPex11d, nor does it have any effect on peroxisome division in myc-AtPex11e, but apparently functions somehow to prevent peroxisomal elongation.
Dilysine motif
Perspective Several modes of action might be envisaged for Pex11-induced peroxisome elongation, division, and/or proliferation. In one scenario, one or more PEX11 gene transcripts are expressed or activated and the protein products are targeted directly to the peroxisomal membrane where they mechanically induce peroxisome elongation with or without associated fission(s). In another scenario, one or more Pex11 protein products are targeted to the peroxisomal membrane and recruit other proteins that mechanically induce peroxisome elongation with or without associated fission(s). There is ample evidence for the latter scenario. For example, in mammals and trypanosomes, Pex11 proteins recruit COPI to the peroxisomal membrane. In mammals and yeasts, Pex11 seems to act in concert with, and/or recruit, various dynamin-like proteins (Hoepfner et al., 2001; Koch et al., 2003; Li and Gould, 2003; Koch et al., 2004) . In plants, the dynamin-related protein 3A is necessary for peroxisomal division (Mano et al., 2004) ; however, a relationship with Pex11 protein(s) has yet to be assessed. Herein, we show that four of the five Arabidopsis Pex11 proteins are functional plant Pex11 homologs that can either induce peroxisome fission (duplication) with or without prior elongation, or peroxisome elongation alone. The integrated (synergistic) function(s) of these homologs with other proteins in plant cells remains to be established.
Materials and Methods
Enzymes and reagents used for DNA/RNA isolations and manipulations were obtained from BioRad, Eppendorf, Fermentas, New England Biolabs, Promega and Qiagen. Custom oligonucleotide primers were obtained from Genetech Biosciences or Integrated DNA Technologies. Plasmid cloning and whole-plasmid mutagenic reactions were verified by automated dye-terminator cycle sequencing (Arizona State University DNA Laboratory, Tempe, AZ). Gene sequences and primer designs used in this study are available upon request from the authors.
Resource Center (Columbus, OH) (At3g47430-U15712), Riken (At2g45740-RAFL07-14-A08) (Seki et al., 1998; Seki et al., 2002) , and D. Rhoads (Arizona State University, Tempe, AZ) (At1g01820 and At3g61070).
Full-length AtPEX11 cDNAs were subcloned into pRTL2, a plant expression vector with a double 35S promoter, possessing the coding sequence for either an Nterminal myc epitope tag (pRTL2-Nmyc), a C-terminal myc epitope tag (pRTL2-Cmyc), or an N-terminal monomeric GFP (pRTL2-GFP m ) (Lisenbee et al., 2003b) . cDNAs subcloned into pRTL2-Nmyc were PCR-amplified with mutagenic primers complimentary to 5Ј and 3Ј termini of AtPEX11b, -c, -d and -e designed to replace start codons with in-frame RE sites (BamHI for AtPEX11b, -d and -e; XbaI for AtPEX11c) and to add RE sites after existing stop codons (XbaI for AtPEX11c, -d and -e; NheI for AtPEX11b). Constructs of AtPEX11b, -d and -e subcloned into pRTL2-Cmyc were amplified first with mutagenic primers that replaced stop codons with in-frame BamHI RE sites and that added adjacent BamHI RE sites upstream of start codons. Constructs subcloned into pRTL2-GFP m were amplified first with primers designed to replace start codons with in-frame XbaI RE sites and to append in-frame XbaI RE sites downstream of stop codons. Following PCR amplification, all constructs were subcloned into pCR2.1 using the TOPO TA Cloning Kit. For ligation reactions, pCR2.1- AtPEX11a, -b, -c, -d , -e and pRTL2 plasmids were digested with the corresponding REs. Full-length AtPEX11 DNA fragments were isolated electrophoretically in agarose gels, purified using the Qiagen QIAquick Gel Extraction Kit, and ligated to RE-digested pRTL2 vectors. pRTL2 vectors digested with one RE (e.g. BamHI or XbaI) were treated with calf intestinal alkaline phosphatase to prevent re-circularization of plasmid DNA.
To prepare AtPEX11a, -d and -e constructs without epitope tags, cDNAs for each were amplified from pRTL2/myc-AtPEX11a, -d and -e. Mutagenic primers complimentary to 5Ј and 3Ј termini were used for PCRs that appended BamHI RE sites upstream and adjacent to the start codons, and XbaI RE sites downstream and adjacent to the stop codons. PCR products were purified by agarose gel electrophoresis, digested with corresponding REs, and ligated into BamHI/XbaIdigested pRTL2⌬NS.
myc-AtPex11d⌬6 and myc-AtPex11e⌬7 were created using the Stratagene QuikChange site-directed mutagenesis kit to replace codons 691 CCC 693 (mycAtPex11d⌬6) and 673 CGC 675 (myc-AtPex11e⌬7) with stop codons (TGA).
Cell culture and microprojectile bombardment
Arabidopsis (Arabidopsis thaliana var. Landsberg erecta; a gift from S. Neill, University of West England, Bristol, UK) and tobacco BY-2 (Nicotiana tabacum L., cv. Bright Yellow 2) suspension cultures were maintained in MS salt and vitamin mixture (Invitrogen) and in MS salt mixture (Invitrogen), respectively. Arabidopsis and BY-2 cultures were propagated as described by Lisenbee et al. (Lisenbee et al., 2003a) and Banjoko and Trelease (Banjoko and Trelease, 1995) , respectively, except that the 125 ml culture flasks plugged with cotton stoppers were replaced with longnecked 125 ml culture flasks capped with plastic or stainless steel caps to improve cell culture aeration and uniformity of growth.
Biolistic bombardments were carried out essentially as described by Mullen et al. (Mullen et al., 1999) . Briefly, cells were collected by centrifugation 4 days after subculture (5 ml packed cell volume), resuspended aseptically in approximately 0.75 volumes transformation medium (growth medium without 2,4-D, plus 250 mM sorbitol and 250 mM mannitol) (Banjoko and Trelease, 1995; Lee et al., 1997) , and incubated at room temperature, in darkness, with rocking inversion for 20 minutes. The cell suspension (4 ml) was distributed 'drop-wise' onto the center area (5 cm diameter circle) of three stacked, pre-moistened filter papers (Whatman #4) placed in the lid of a 10 cm Petri dish. These cells were incubated for equilibration at room temperature for 1 hour in darkness. Plasmid DNA was precipitated onto BioRad M-17 tungsten particles essentially as described by Banjoko and Trelease (Banjoko and Trelease, 1995) , except that sonication for 1 minute was added as a part of each isopropanol wash to improve Arabidopsis suspension cell transformation efficiency. The tungsten-DNA particles were spread on the center of BioRad macrocarriers and placed in a desiccator for 20-30 minutes before bombardment. The prepared cells were biolistically bombarded in a BioRad PDS-1000/He with 10 g plasmid DNA (two bombardments per plate), 28 inches Hg vacuum, and 1350 p.s.i. as described by Lee et al. (Lee et al., 1997) .
(Immuno)fluorescence microscopy and peroxisome quantification At intervals between 2.5 and 72 hours post-bombardment, all cells on each plate were scraped into 4% formaldehyde (prepared from paraformaldehyde; Ted Pella) in transformation medium and fixed for 1 hour at room temperature. To permit IgG diffusion into cells, cell walls were perforated/digested for 2 hours at 28°C in 0.1% (w/v) Pectolyase Y-23 (Karlan Enzymes) and 0.1% (w/v) cellulase RS (Karlan Enzymes; Arabidopsis cells only) diluted in phosphate-buffered saline (PBS; 140 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 4.4 mM KH 2 PO 4 , pH 7.4). Cells were then immunolabeled according to Lisenbee et al. (Lisenbee et al., 2003a) . Briefly, cells were permeabilized for 15 minutes in a final concentration of 0.33% (v/v) Triton X-100 (Sigma) and then incubated with PBS-diluted primary and dyeconjugated secondary antibodies. For differential permeabilization of plasma (not peroxisomal) membranes, Arabidopsis cells were transformed and fixed in formaldehyde as above, but were perforated/digested in 0.1% pectinase (Sigma) for 1.5 hours at 28°C and then incubated in 25 mg/ml digitonin at room temperature for 15 minutes as described by Lisenbee et al. (Lisenbee et al., 2005) .
Primary antibody sources and concentrations in PBS were as follows: mouse antimyc monoclonal antibody 9E10 (1:500) (Santa Cruz Biotechnology), mouse antichick brain ␣-tubulin monoclonal antibody MDM1A (1:500) (Accurate Chemical and Scientific), rabbit anti-cottonseed catalase affinity-purified (protein A-Sepharose) IgGs (1:2000) (Kunce et al., 1988) . Cy-2-, Cy-5-and RhodamineX-conjugated secondary antibodies were purchased from Jackson ImmunoResearch Laboratories and used in PBS at concentrations of 1:500, 1:500 and 1:2000, respectively.
Immunolabeled cells were resuspended in one volume of n-propyl gallate (10 mg/ml; Sigma) on glass slides, coverslipped, flattened with stacked weights (nonconfocal epifluorescence microscopy only), and imaged as described by Hunt and Trelease (Hunt and Trelease, 2004) . Images were deconvoluted using MetaMorph software (Universal Imaging) and adjusted for brightness and contrast with Adobe Photoshop 7.0 software (Adobe Systems).
Experiments and procedures to quantify the percentage of transformed cells bearing elongated peroxisomes were carried out as follows. Cells transformed individually with all five myc-AtPEX11 or CAT-SKL DNA constructs were fixed in formaldehyde at 2.5, 12, 24, 36, 48 or 72 hours post-bombardment and prepared for immunofluorescence microscopy as described above. For each batch of cells transformed with myc-AtPEX11a, -c, -d, -e or CAT-SKL, fluorescence images (antimyc/Cy-2 or anti-CAT/Cy-2) were acquired for at least 30 of the transformed cells. For cells transformed with myc-AtPEX11b, images were obtained for a minimum of 10 cells at 2.5, 24, 48 and 72 hours. Peroxisomes у3 m in length were considered elongated based on measurements made with control CAT-SKL images. Scoring of at least one elongated peroxisome per transformed cell was accomplished with a 3 m circular template.
Experiments and procedures designed to quantify peroxisome number within Arabidopsis cells were carried out as follows. Transiently transformed cells prepared for immunofluorescence microscopy as described above were imaged with a Lecia Laser-Scanning Confocal Microscope. Fluorescent (anti-myc/Cy-2, GFP, or anticatalase/Cy-5) optical sections were acquired at 2 m intervals for each of 30 transformed cells per gene construct. Using MetaMorph v. 6.1 image-processing software, montage images were prepared from serial sections of anti-catalase/Cy-5 antibody fluorescence from each transformed cell and 'depixelated' (Low Pass function). The number of peroxisomes per cell optical section was computed using the following procedure: (1) cell boundaries were outlined, (2) image threshold was adjusted to highlight peroxisomal fluorescence, and (3) the number of peroxisomes per 100 m 2 was computed and recorded. Peroxisomes were counted in 150-200 cell sections per gene construct (e.g. myc-AtPEX11e). The numbers of peroxisomes in cells transformed with various AtPEX11 and CAT-SKL gene constructs were compared using an Independent Samples T Test to determine whether the difference between the samples was significant. SPSS software was used to derive descriptive statistics.
